The function of cytochrome c 554 of Vibrio parahaemolyticus has not yet been determined. We have determined the physicochemical properties and crystal structure of cytochrome c 554 at 1.8 Å in order to help elucidate its function. The physicochemical properties and the tertiary structure of cytochrome c 554 resemble those of dimeric cytochrome c 552 from Pseudomonas nautica, but the Vibrio genus contains no gene for nitrite reductase, cytochrome cd 1 , in its genome DNA. These results raise the possibility that both cytochromes denote an electron to an electron carrier and accept an electron from same electron carrier.
Bacterial electron transfer chains are composed of a variety of electron transport constituents, such as flavoproteins, iron sulfur proteins, quinones, and cytchromes, and the constituents of the system differ with the type of microorganism. 1) Soluble c-type cytochromes are ubiquitously distributed heme proteins, that act as electron carriers in the respiration of mitochondria and in photosynthetic electron transfer chains of chloroplasts.
2) The heme prosthetic group is covalently bound to the peptide chain, with the typical amino acid sequence Cys-X-X-Cys-His-consensus motif on the N-terminal. His and met residues are coordinated to heme Fe as axial ligands in the native form.
The Vibrio genus is composed of gram-negative facultatively anaerobic halophilic bacteria, and is the major causative agent of gastroenteritis. The complete genome sequences of V. parahaemolyticus strain RIMD2210633 have been published, and various metabolic processes have been predicted using this information.
3) A large number of open reading frames containing this heme binding motif exist in Vibrio genome DNA, and some of them contain the gene for mono heme c-type cytochrome, which is annotated as cytochrome c 554 , but the function of the cytochrome has not yet been determined. Based on sequence information on the Vibrio genome, this heme protein has one signal peptide, and is predicted to function as an electron carrier in the periplasmic space. We compared an amino acid sequence similarity of Vibrio cytochrome c 554 with Pseudomonas nautica cytochrome c 552 , classified as a class I c-type cytochrome that forms a tight dimer, and it was 66% similarity. Pseudomonas nautica cytochrome c 552 functions as the electron donor to cytochrome cd 1 , the so-called nitrite reductase, 4) but the Vibrio genus contains no gene for nitrite reductase cytochrome cd 1 in its genome DNA, so the electron acceptor of Vibrio cytochrome c 554 is estimated to differ from Pseudomonas cytochrome c 552 .
In this study, in order to compare physicochemical properties and tertiary structure as between Vibrio cytochrome c 554 and Pseudomonas cytochrome c 552 , the cytochrome c 554 gene of V. parahaemolyticus strain RIMD2210633 (Vpc554) was expressed in Escherichia coli, the expressed recombinant protein was purified, and its physicochemical properties, UV/vis spectra and redox potential, were characterized. In addition, we determined the first crystal structure of Vpc554 at 1.8 Å resolution and compared it with that of P. nautica cytochrome c 552 .
The gene encoding Vpc554 (VP2300, GenBank accession no. NC004603) was amplified from V. parahaemolyticus strain RIMD2210633 genome DNA using primers Vpc554-NdeI, 5
0 -ACCCATATGAAGA-GAGTAATGATCGGTGC-3(NdeI site underlined), and Vpc554-BamHI, 5
0 -AAAGGATCCTTACTTCAAACTT-GAGTAGTA-3 0 (BamHI site underlined). The product was cloned into the NdeI-BamHI sites of pET22b (þ) (Novagen, Santa Clara, CA, USA) to construct plasmid pET22b-Vpc554. For overproduction of Vpc554, the expression vector was co-introduced with pSTV28ccmA-H into E. coli BL21 (DE3).
5) Overexpression was performed using LB liquid medium or LB agar plates (per liter, 10 g of tryptone, 10 g of NaCl, 5 g of yeast extract, pH 7.0) containing 100 mg/ml of ampicilin and 25 mg/ml of chloramphenicol. Freshly plated colonies were used to inoculate 1.5 liter of LB liquid medium in a 3.0-liter flask, followed by incubation for 36 h at 100 rpm at 30 C. Cells were harvested by centrifugation at 6;000 g (4 C) for 5 min. The pellet was resuspended in 80 ml of PBS buffer and disrupted y To whom correspondence should be addressed. Tel/Fax: +81-466-84-3950; E-mail: oku@brs.nihon-u.ac.jp with a high-pressure homogenizer (Mini Lab 8.30H, Albertlund, Denmark). The suspension was fractionated with ammonium sulfate (30-70% saturation). The precipitate was dissolved in a small amount of 20 mM sodium acetate buffer (pH 4.5) and dialyzed against the same buffer. The sample was applied to a CM52 cellulose column (Whatman, 2:0 cm Â 40:0 cm, Buckinghamshire, England) equilibrated with 20 mM sodium acetate buffer (pH 4.5). After the column was washed with the same buffer, the proteins were eluted using a linear gradient of NaCl (0-350 mM). The sample obtained by this chromatography process was used as the purified recombinant Vpc554 protein. The degree of purity was confirmed by tricine sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE).
The UV/visible spectra and redox titration of the purified recombinant Vpc554 were measured following previous methods.
5 ) The UV/vis spectra of the recombinant protein were typical of a low-spin c-type cytochrome (Fig. 1A) . In the reduced state, the , (soret), , and absorption maxima peaks appear at 315.5 nm, 416.5 nm, 523.0 nm, and 551.5 nm respectively, and the ratio of the -peak to the -peak was = ¼ 1:20. The = of Vpc554 was lower than that of the other c-type cytochromes, and this lower ratio is similar to that of cytochrome c 552 from P. nautica and bacterial di-heme cytochromes c 4 . 6, 7) In the oxidized state of Vpc554, the absorption maxima peaks of þ , (soret), and were 526.5 nm, 410.5 nm, and 361.0 nm respectively. Additionally, a weak peak at 695.5 nm, indicating hemeiron histidine-methionine coordination, was observed (Fig. 1A inset) . The redox data were analyzed with a theoretical curve based on the Nernst equation (n ¼ 1):
The redox titration of purified recombinant Vpc554 is shown in Fig. 1B . The redox potential of recombinant Vpc554 was 278 AE 5 mV at pH 7.0. This is similar to the redox potential of cytochrome c 552 of P. nautica.
6)
For crystallization of Vpc554, the purified recombinant protein was dissolved in super-pure water to prepare a concentrated protein solution of 20 mg ml À1 . Vpc554 was crystallized by vapor diffusion; the hanging drops used contained a 1:1 mixture of protein and reservoir solution. The Vpc554 was allowed to crystallize over a reservoir containing 0.1 M phosphate-citrate (pH 4.2), 0.2 M NaCl, and 20% (w/v) PEG-8000. X-Ray diffraction data were collected on a BL-5A (Photon Factory, Tsukuba, Japan). The data set was processed with HKL2000 and scaled with SCALE-PACK.
8) The structure of Vpc554 was determined by molecular replacement using the program MOLREP.
9) The search model used was P. nautica cytochrome c 552 .
4) The structure of Vpc554 was refined with Refmac using the CCP4 program suite. Water molecules were added using a water pick script of CNS, and refinement was continued using REFMAC5.
9) The final model obtained had an R-factor of 19.2% and a free R-factor of 24.2%. Manual model building was carried out using Coot. 10) Solvent molecules were placed at positions where spherical electron density peaks were found above 1:5 in the j2F o À F c j map and above 3:0 in the jF o À F c j map, and where stereochemically reasonable hydrogen bonds were allowed. A summary of data collection and refinement statistics is given in Table 1 . The refined crystallographic coordinates and structure factor amplitudes have been deposited in the Protein Data Bank (PDB ID code 2ZZS).
The crystal structure of Vpc554 was determined at 1.8 Å resolution. This is the first cytochrome c 554 crystal structure from the Vibrio genus. The crystal belonged to space group P1 with unit cell parameters a ¼ 84:95, b ¼ 87:61, c ¼ 103:85 Å , and the asymmetric unit contained 16 protomer dimers. These 32 molecules were superimposed, with main-chain root-mean-square deviation (RMSD) values of 0.2-1.1 Å , determined using the DALI program.
The monomer Vpc554 proved to belonged to class I c-type cytochromes, which are composed of four -helices and tight turns ( Fig. 2A) . This protein consists of a single polypeptide chain folded around the c-type heme prosthetic group. The secondary structures were classified according to the criteria of Kabsch and Sander. Four -helices, Ala3-His17 (I), Glu36-Asn48 (II), Ala57-Ala63 (III), and Asp68-Ser80 (IV), are found as elements of a regular secondary structure, with helices I and IV overlapping at about 90 ( Fig. 2A ). Cys13 and Cys16, both of which covalently bind to the heme group as well as the fifth Fe-coordinating ligand, His17, are part of an N-terminal helix. The sixth ligand, Met59, is part of helix III. The Gly18-Asn35 region followed by Ala3-His17 forms an -shaped loop that is observed in other c-type cytochromes, and this loop has been proposed to contribute to structural stabilization of the region.
11) Vpc554 forms a tight dimer in the crystal, and A B Fig. 1 . UV/Visible Spectra (A) and Redox Titration (B) of Recombinant Vpc554. A, Absorption spectra of 10 mM Vpc554 were measured in 10 mM sodium phosphate (pH 7.0) at 25 C. The inset shows the 700 nm band of the oxidant form at 80 mM. B, The redox state of the protein was determined by changing the -band absorption spectrum using a Hitachi U-3310 spectrophotometer (Hitachi, Tokyo). The smooth curve was drawn on the basis of the Nernst equation giving the best fit to the data using a Sigma Plot program.
this dimer conformation resembles dimeric cytochrome c 552 from P. nautica. 4) A comparison between the amino acid sequences of Vpc554 and P. nautica cytochrome c 552 showed 66% similarity. The main-chain RMSD value between Vpc554 and Pseudomonas cytochrome c 552 was 0.6 Å , and a C trace of Vpc554 showed high overall similarity with P. nautica cytochorme c 552 (Fig. 2B) . The -helices and -shaped loop of Vpc554 are also observed at the corresponding positions in P. nautica cytochrome c 552 . The similarity of the amino acids at the dimer interface of the two cytochromes is not much higher than that of other regions, but the hydrogen bond network and electrostatic interaction around two heme propionates at the dimer interface of the two proteins are very similar (Fig. 2C) . Two Arg51s of the dimer form electrostatic interactions with the heme propionates, and the negative charges of the heme propionates are neutralized by these two positively charged amino acid residues. This electrostatic interaction of Vpc554 might contribute to the rigid packing of the interaction between monomers.
The biological function of Vpc554 remains obscure. The Pseudomonas genus contains the gene for nitrite reductase, cytochrome cd 1 , in its genome. On the other hand, the Vibrio genus contains no gene for cytochrome cd 1 in its genome, so Vpc554 and P. nautica cytochrome c 552 might donate electrons to different electron carriers. But, considering that the redox potential and the tertiary structure of Vpc554 are similar to those of P. nautica cytochrome c 552 , the two cytochromes are predicted to accept an electron from the same electron carrier. A, The -helix (Blue) is indicated using a cartoon model. Cys13, Cys16, His17, Met59, and the heme group are represented using a stick model with atom-specific colors: white, carbon; blue, nitrogen; red, oxygen; yellow, sulfur; iron, orange. This figure was drawn with CCP4. B, The alignment was prepared using the DALI program, and this figure was drawn with CCP4. C, His17, Pro29, Asn30, Gln34, Tyr38, Tyr46, Arg51, Met59, and the heme group are represented using a stick model with atom-specific colors: sky blue, carbon of Vpc554; pink, the carbon of P. nautica Cytochrome c 552 . This figure was drawn with Pymol.
